Background and Purpose-Thrombolytic therapy is licensed for use in highly selected patients with acute ischemic stroke. We aimed to model the health economic impact of limited use of thrombolytic therapy and to assess whether it was likely to be cost-effective when used more widely in the UK National Health Service (NHS). Methods-The authors formed a discussion panel to develop the decision-analysis model of acute stroke care. It consisted of Markov state-transition processes, with probabilities of different health states determined by certain key variables.
Study Question
From the perspective of the UK NHS, is thrombolytic treatment for acute ischemic stroke (compared with standard care) cost-effective as judged by the incremental cost per quality-adjusted life-year (QALY) gained?
Perspective
The perspective was a broad health care and personal social services perspective. We included the direct costs of hospital stay, rehabilitation, and long-term care. We did not include assessments of any indirect economic costs, such as loss of work-related earnings, or of the capital and revenue costs of developing services for patients with acute stroke to the point at which acute stroke care was delivered across the whole NHS to the standard required.
Assessment of Alternatives to Thrombolytic Treatment
It is difficult to define, in economic terms, a standard package of general care for patients with acute stroke (even more so to define one for patients treated with thrombolysis). We have therefore assumed that the alternative treatments being compared are "standard care" and "standard care plus thrombolysis."
Form of Evaluation
We have adopted a cost-utility approach, assessing health gains in QALYs. We have modeled costs and effectiveness over the shortterm (1 year) and the long-term (lifetime).
Steps to Improve Generalizability of Results
The patients included in the trials of thrombolysis were highly selected and were largely recruited from non-UK centers. So, to produce results that were more relevant to the NHS, we undertook a modeling approach, applying data on efficacy from the trials to a population of stroke patients treated within the NHS (or similar publicly funded health service).
Choice of Measure of Benefit
The use of QALYs as the measure of benefit enabled us to encompass the utility values that stroke patients assign to the different health states after stroke (ie, death, survival in a dependent state, or survival in an independent state). 5, 6 
Decision-Analysis Model
The authors formed a discussion panel to construct a decisionanalysis model of the pathways that acute stroke patients follow after being admitted to hospital. 4 The model was constructed by discussion among the reviewers, analysis of our own stroke registry (Lothian Stroke Register) data, and review of the literature. The model was entered into a software package (Data 3.5 software; TreeAge Software Inc) and is shown in Figure 1 . We defined 5 groups of patients (see Figure 1 legend for definitions). Table 1 lists all of the base-case values (with plausible ranges) used in the model and the sources of the estimates. These include estimates of treatment effect for rt-PA to those that formed the basis for its current approval for use in clinical practice within 3
Care pathways and outcomes. C indicates contraindication to rt-PA; HAE, intracranial hemorrhage on CT; ISCH, ischemic stroke confirmed by CT. The groups were defined. Group 1 included patients admitted to hospital Ͼ6 hours after stroke onset. Patients who had symptoms on waking were included in Group 1. Group 2 included patients with contraindications to rt-PA. Patients were assumed to have contraindication to rt-PA if they had a prestroke modified Rankin Scale score of Ն3 or were using long-term oral anticoagulants. Group 3 included patients whose CT scan was performed Ͼ6 hours after stroke onset. The time from symptom onset to CT scanning was known for a subset of patients and extrapolated to all patients in the data set. Patients known to have undergone CT scan Ͼ6 hours from stroke onset were included in group 3. Group 4 included patients with intracranial hemorrhage on CT scan. If an intracranial hemorrhage was seen on the first CT scan after stroke onset, the patient was included in Group 4. Group 5 included patients eligible for thrombolysis, ie, all those who remained after exclusion from Groups 1 to 4. Group 5a was modeled on the assumption that eligible patients received standard care plus rt-PA. The model was then rerun on the assumption that all rt-PA-eligible patients received standard care (Group 5b). For survival after 1 year and recurrence, we assumed that after the first year, deaths occurred at an equal rate in dependent and independent survivors. We used published estimates of all-cause mortality, adjusting for age and history of previous stroke, assuming that the overall death rate after the first year was 2.5 times the age-adjusted mortality of the UK population. Among patients who had a recurrent stroke after the first year, we calculated survival from the rate of recurrent stroke and the case fatality of patients with recurrent stroke in the Lothian Stroke Register, assuming the risks to be equal in dependent and independent patients. We also assumed that patients remaining alive after the recurrent stroke were reallocated equally to the independent and dependent functional outcome category. For example, in a particular model year, the number of independent patients that had a recurrent stroke and remained alive were allocated in equal numbers to the independent and dependent functional outcome category.
hours. To predict the health and economic outcomes of rt-PA after the first year, we used a Markov modeling approach. [7] [8] [9] The Markov model used age-specific mortality, risk of recurrent stroke, and stroke-specific case-fatality to estimate the probabilities of being dead, dependent, and independent at the beginning of each year. The Markov process was run repeatedly in 1-year cycles until the end of the cohort lifetime, and totals were computed for the accumulated health outcomes and costs. 1. The upper 95% CI were used as the best-case estimates for the effects of rt-PA, and the lower limit for the worst-case (see Table 4 ). Readers should note that the best case scenario corresponds closely with the estimate of effect seen in the NINDS trial, which forms the main basis for the current approval for the use of rt-PA within 3 hours.
2. These estimates of the length of stay for the acute admission for patients with different outcomes at 6 months were obtained from a hospital-based cohort of stroke patients (LSR). See http://www.ncchta.org/project.asp?PjtIdϭ1127 for details.
Assumptions About Cost of Implementing rt-PA
We sought to assess the typical additional costs of implementing rt-PA treatment in a "typical" district general hospital. However, we were unable to define a nationally agreed level of resource use required to deliver thrombolysis for acute stroke or to obtain reliable measures of the variation in the current level (and cost) of acute stroke care in UK hospitals. We therefore sought to identify, in a qualitative way, the specific extra resources we considered necessary to deliver thrombolysis (in the context of a randomized controlled trial) in our own hospital (Table 2 ). However, the resources currently allocated to acute stroke care vary greatly between centers across the UK, so any quantitative estimates of the extra implementation costs derived from these local data could not be reliably extrapolated to other hospitals in the UK.
Adjustment for Timing of Costs and Benefits
We accounted for the longer time horizon over which costs and health benefits may accrue by discounting outcomes and cost at an annual rate of 6%.
Scenarios Modeled
We performed a number of 1-way sensitivity analyses and threshold analyses to explore the impact of varying key parameters in the model: rt-PA efficacy (we used a range that encompassed larger benefits expected when used in a highly selected population within 3 hours and expected smaller benefits when used in a wider variety up to 6 hours); system efficiency (this ranged from the small proportion currently treated to a scenario with greatly increased efficiency leading to a high proportion treated); utility values; costs of rt-PA treatment; length of hospital stay; and unit cost per inpatient day. We also performed a multiway first-order Monte Carlo simulation to determine how likely certain levels of cost-effectiveness were when we simultaneously incorporated all ranges of values for variables listed in Table 1 . Table 3 presents the costs and outcomes at 12 months per 100 patients treated with rt-PA. The base-case analysis assumed that only 5.3% of the patients admitted to hospital were eligible for rt-PA treatment, showed that treatment with rt-PA costs an additional £11 001, and resulted in a QALY gain of 0.81 per 100 patients treated. This gives a marginal costeffectiveness ratio for rt-PA treatment of £13 581 per QALY gained. The multiway Monte Carlo simulation showed that the 5th and 95th percentiles for the increase in costs at 12 months were Ϫ£44 065 and £47 095, respectively, and that the corresponding percentiles for the impact on health outcomes were Ϫ0.4020 and 1.8259 QALYs, respectively. The analysis also showed that there was 85.5% probability of an increase in QALYs with rt-PA treatment. If we assumed that rt-PA increased QALYs, the 5th and 95th percentiles for the incremental cost-effectiveness ratio for this group were Ϫ£81 680 (cost-savings) and £142 505 (additional costs) per QALY gained. The lower sections of the Tables summarize the sensitivity analyses.
Results

Cost-Effectiveness at 12 Months
Cost-Effectiveness at End of the Cohort Lifetime
Costs accrue in the short-term (eg, initial acute care), whereas survival gains accumulate over a far longer period, and analyses performed at 12 months therefore underestimate expected yield (eg, in terms of QALYs gained) relative to costs. Nursing home/long-term care is higher for a stroke survivor with high levels of disability, and hence the costsavings associated with reduced disability, are large and only 
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partly offset by the costs associated with increased survival. The base-case analysis showed that over the cohort lifetime, giving rt-PA then became the dominant strategy (Table 4) . Treatment with rt-PA was more effective (gain in QALYs of 3.63 per 100 patients treated), less expensive than standard treatment (cost savings of £350 532), and resulted in a reduced cost of £96 565 per QALY gained. The multiway Monte Carlo simulation showed that there was a 76.6% probability of increased QALYs. If we assume that rt-PA increases QALYs, the 5th and 95th percentiles for the incremental cost-effectiveness ratios for this group were Ϫ£908 153 (net savings) and Ϫ£37 858 (net savings) per QALY gained.
Sensitivity Analyses
The lower halves of Tables 3 and 4 summarize the sensitivity analyses. The impact of assuming the most optimistic estimate of rt-PA efficacy was to increase the number of QALYs gained from 3.63 to 19.41, reduce the costs from £350 532 to £267 713 per 100 patients treated, and change the marginal cost-effectiveness ratio from £96 565 to £13 793 saved per QALY gained. When we assumed the least favorable estimate of rt-PA effectiveness, rt-PA resulted in a loss of 13.21
QALYs, and the incremental cost-effectiveness ratio could not be calculated. Detailed sensitivity analyses are presented in the full report. 4
Discussion
Main Results
Our analyses, based on an up-to-date estimate of the effectiveness of rt-PA and modeled on the NHS, suggests that rt-PA might well be cost-effective. In the base-case analysis, treatment with rt-PA was associated with an additional cost of £13 581 per QALY gained during the first 12 months after treatment. This estimate was considerably higher than the published estimates for treatment with rt-PA for myocardial infarction, 10,11 but it was still well within the range of cost-effectiveness for health care interventions offered within the NHS. 12 Donaldson has recently highlighted a limitation of such cost-effectiveness analyses; that is, if a new treatment requires more resources, misuse of cost-effectiveness ratios may lead to inefficient treatments being adopted. 13 When the model was run to the end of the cohort lifetime, there appeared to be a substantial cost savings of £96 565 per QALY gained. The short-term and long-term costeffectiveness estimates were very imprecise. At 12 months, *5th and 95th percentiles for the frequency distribution of incremental costs, incremental QALYs, and incremental cost-effectiveness ratios, based on ranges of possible values and assumptions given in Tables 1 and 2 (Monte Carlo 1-way, 2-way (system efficiency), and 3-way (rt-PA efficacy) sensitivity analysis with 10 000 iterations). It does not represent the confidence interval (reflecting random error) surrounding the point estimates in the table.
†The Monte Carlo simulations were consistent with a (small) risk of loss of QALYs, in which case the costs per QALY gained is not applicable. The 5th and 95th percentiles for the incremental cost-effectiveness ratios, given that there is a gain in QALYs, are provided in the text.
‡Analyses include patients who were excluded in the base case analysis because of delayed admission, delayed CT scan, or both.
the 5th and 95th percentiles for the impact on costs ranged from a cost saving of £44 065 to an extra cost of £47 095. There was therefore considerable uncertainty about the exact size of the incremental cost-effectiveness ratio for rt-PA in acute stroke. The cost-effectiveness estimates were sensitive to rt-PA efficacy and costs of rt-PA. Other parameters thought to be important, such as "system efficiency" and patient values, did not have any significant impact on the incremental cost-effectiveness ratio.
Summary of Previous Work
Our results are not as optimistic as earlier estimates. From the perspective of the North American health care system (which included nursing home costs), for every 1000 patients treated, rt-PA increased hospitalization costs by $1.7 million but decreased rehabilitation costs by $1.4 million and nursing home costs by $4.8 million. 1 Multiway sensitivity analyses indicated a Ͼ90% probability of cost-savings. The study had some limitations for current health care planning outside the USA: the estimate of efficacy was based on a single trial; 14 costs were based on the US health care system; the possibility that treatment might increase case fatality was not modeled; and the estimate of the gain in QALYs was very imprecise (and included the possibility of almost no benefit). A further study, commissioned by a pharmaceutical company (but conducted by an independent economist), concluded that the savings related to disability and long-term care considerably outweighed any potential extra costs of acute therapy, given a broad cost perspective and a time horizon of Ն2 years. 3 However, the authors also pointed out that the fixed costs of developing and maintaining a capability to diagnose acute stroke and provide early thrombolysis would need to be taken into account in a more comprehensive analysis. Full details of all of the sensitivity analyses are available online at: http://www.hta.nhsweb.nhs.uk/fullmono/mon626.pdf *5th and 95th percentiles for the frequency distribution of incremental costs, incremental QALYs, and incremental cost-effectiveness ratios, based on ranges of possible values and assumptions given in Tables 1 and 2 (Monte Carlo 1-way, 2-way (system efficiency) and 3-way (rt-PA efficacy) sensitivity analysis with 10 000 iterations). It does not represent the confidence interval (reflecting random error) surrounding the point estimates in the table.
‡Analyses include patients who were excluded in the base-case analysis because of delayed admission, delayed CT scan, or both. Readers may wish to compare these cost-effectiveness estimates with those of thrombolysis for acute myocardial infarction 28 and carotid endarterectomy. 29 
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Furthermore, any downstream savings attributed to the avoidance of social care costs associated with disability are unlikely to be very convincing to budget holders focused on hospital and drug cost alone. 3
Why Might Our Results Be Different?
As expected, the cost-effectiveness estimate at 12 months was heavily influenced by the source of the data in the model. 12 This may invalidate the comparison between our study and previous studies of cost-effectiveness of rt-PA in stroke 13 and may explain the different short-term results. In contrast to earlier studies, we found that the cost-savings were not realized within the first 1 to 2 years after treatment. One likely explanation is that the other studies were based on more optimistic estimates of rt-PA effectiveness, from the NINDS trial alone, in which treatment was given within 3 hours 14 or just 3 of the major rt-PA trials; 14 -16 however, our sensitivity analyses did include a value for the effectiveness of rt-PA comparable to that seen in NINDS. Earlier studies also used more favorable values for patients' preferences. 17, 18 We based our estimates of the effectiveness of rt-PA on the results of a systematic review of all the available evidence from randomized controlled trials of rt-PA to date. Furthermore, we used a more conservative estimate of the patient valuation of the dependent state, which, as it turned out, was close to the estimate derived from a recent systematic review of patient utilities after stroke. 6
Generalizability of These Results
Another uncertainty relates to the generalizability of the findings. 12 It is likely that both resource use (eg, length of stay) and the valuation of resources (eg, mean unit cost per inpatient day) will vary considerably within the NHS. Hence, we used national official figures to "average out" local differences in unit costs, 19 and we believe that the resources used by patients registered in the Lothian Stroke Register are reasonably representative of the resources used by stroke patients admitted to other UK hospitals. Our analysis did not include the costs of implementing rt-PA in NHS hospitals. We assumed that there were no capacity constraints in the health care system and that there were no extra costs associated with giving rt-PA to more patients. For example, we assumed that all admissions were "equal," regardless of when they occur; that CT scanning equipment was always readily available, and that the correct number and mix of health care professionals and hospital beds were always in place. We sought to assess the additional costs of developing stroke services to deliver rt-PA treatment by identifying the specific service components we considered likely to be required to deliver thrombolysis in our hospital, over and above those required for "standard" acute stroke care (Table  2) . However, we were unable to find a nationally agreed level of resource use required to deliver thrombolysis for acute stroke and no reliable measures of the variation in the current level (and cost) of acute stroke care in the NHS.
Conclusions Implications for Practice
Our economic model, constructed from the perspective of the NHS, suggests that thrombolysis for acute stroke holds the promise, under favorable assumptions, of being cost-effective in terms of QALYs gained, particularly when the longer-term cost and health outcomes were considered. However, the range of possible incremental cost-effectiveness ratios was considerable, and the conclusions from the economic modeling were very sensitive to the economic assumptions made and a number of parameters, including the effectiveness of rt-PA (detailed in Table 1 ). The less favorable estimates indicated that rt-PA could be either marginally cost-effective or harmful (ie, standard therapy was the preferred option).
The primary analyses suggested cost-effectiveness or even costsavings. However, in view of the lack of precision of the estimates and lack of data on the cost of "rolling out" the treatment to the many centers that do not currently have the resources to give rt-PA, we were unable to model the cost of widespread use of rt-PA for stroke in the UK. However, these data do not preclude the use of rt-PA for the treatment of patients who meet the stringent conditions of the present product license (in the small number of appropriately staffed and equipped centers).
Implications for Research
The cost-effectiveness of rt-PA could not be assessed reliably because of the imprecise estimates of its efficacy. Large-scale randomized trials would be needed to provide sufficiently precise estimates.
If trials established reliably that thrombolysis was effective, then better estimates of the costs of implementing thrombolysis for acute stroke in the NHS will be needed. A more "dynamic system approach" to explore the relationships between different system components and their impact on patient treatment strategies would be informative.
Because the cost-effectiveness estimates were very sensitive to a relatively small set of parameters, future research could focus on the relationship between thrombolytic therapy, resource consequences, and health effects. More data are needed on the effect of the level of disability at 6 months after stroke on subsequent survival, recurrence, and eligibility for re-treatment with thrombolysis.
Editorial Comment What Can Models Teach Us About Stroke Treatment? Sorting Out the Missing Bits
The report in this issue of Stroke on the cost-effectiveness of recombinant tissue plasminogen activator (rt-PA) 1 suggests -with notable uncertainty -that, when compared with standard acute stroke care, thrombolytic therapy provides, on average, greater health benefits (in terms of average quality adjusted life years [QALYs]) at a reasonable average medical cost. This is not itself a unique finding; other similar efforts suggest -with notably greater certainty -that rt-PA is a good value for money. [2] [3] [4] What have we learned from these modeling exercises? Is it true, as the authors propose, that we need another trial of rt-PA? Before considering the answer, it is useful to briefly review a few basics of disease models -what they are and what they can teach us.
Disease models are mathematical representations of a clinical condition, its development, and its outcome, and models are often used to evaluate the impact of potential diagnostic or therapeutic strategies. These models are usually implemented in computer code, ranging from something as simple as a spreadsheet formula to sophisticated clinical event simulations. Sandercock and colleagues 1 frame the question of rt-PA use as a decision tree, with a Markov model as a "calculation engine." The inputs to this model are epidemiological, clinical trial, and health economic data (specifically applicable to the context of the UK National Health Service [NHS]); the outputs are the month-to-month proportion of individuals in various stroke-relevant health states and their health costs.
When properly constructed, outputs of disease models can be used in a cost-effectiveness analysis. Cost-effectiveness analysis is a well accepted approach to formulating public resource allocation decisions. The incremental cost-effectiveness ratio, ie, the extra
Matchar
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resource inputs required divided by the extra benefits achieved, is a standard metric that policy makers use to quantify value for money. Under specific assumptions, a society that allocates resources based on incremental cost-effectiveness ratios will optimize "social welfare." 5 Whether one accepts the theory or, more to the point, accepts the applicability of the theory to the real world, incremental cost-effectiveness ratios have an intuitive appeal. When calculated using standard methods, 6 they provide a compact way of assessing value and making allocation decisions in the face of limited resources. The current report represents an application of modeling in clinical medicine that is unique to a limited number of countriesa guide to public policy making. The UK is notable for having a formal organizational structure, the NHS Health Technology Assessment Programme, that is responsible for analyses intended to inform the NHS's funding decisions. Other applications of models include providing insights into disease/treatment dynamics and assisting in clinical research design. 7, 8 With this information, let us turn to the question presented in the current paper: Is it cost-effective to use rt-PA in the context of the UK NHS? Available effectiveness data has not been collected in the UK setting, the limited trial-based information about resource use is not UK-based, and long-term outcomes (in the UK or elsewhere) have not been studied. The latter point is vital because both health benefits and costs accrue over a lifetime; failure to account for these long-term effects leads to a skewed assessment of the potential costs and benefits of an acute stroke treatment. While a single data source cannot provide a satisfactory answer, a model can offer guidance. Assuming that effectiveness data can be extrapolated to the UK, and given UK-specific cost estimates, one can turn the crank of the calculation engine and estimate the incremental cost-effectiveness of rt-PA for the NHS. Moreover, one can account for uncertainty in the input estimates by performing a so-called Monte Carlo analysis, ie, repeating the analysis many times, each time randomly drawing from likelihood functions of relative risk reduction for poor outcomes, derived from empirical source data. The uncertainty in inputs (in this case, treatment efficacy) is reflected in variations in the outputs.
Based on trial evidence, the NHS model indicates that there is approximately a 3 out of 4 chance that tPA will provide a net benefit over one year, or over a lifetime. For the lifetime outcome, ie, the outcome relevant to policy analysis, 9 rt-PA is likely to not merely be "cost-effective" but actually cost-saving. While one may quibble with some assumptions, input values, or details of the analysis, the results are relatively robust, and are consistent with prior analyses. So, why do the authors suggest that the solution is another trial of rt-PA? And while we are on that point, why, nearly a decade after the NINDS trial of rt-PA, 10 is there continued controversy about whether clinicians should use this therapy and whether policy makers should make systematic efforts to facilitate its use? 11 If the model were a perfect representation of reality, then, as theory indicates, rt-PA is probably a good use of public resources and -the authors' claims of inadequate certainty notwithstandinga society that selects this and similar therapies will tend to optimize the health of its population in light of available resources. However, the current model, like all models, is of necessity an imperfect representation of reality. The NHS model illustrates that even a relatively sophisticated mathematical simulation may not capture the full range of decisional issues with complete fidelity. It is acknowledged that the current model does not capture the full array of resource costs associated with modifying the health care system to accommodate universal use of rt-PA. Another notably missing feature is an accounting of the "disutilities" such as regret following a treatment-associated complication. These missing bits may be key to what makes treatment acceptable or not. This is not an indictment of modeling. On the contrary, the discord between a model and current opinion and behavior provides insight, and, in turn, grist for further discussion and -yes -research. But the crucial research agenda is not a more precise estimate of rt-PA efficacy. Rather, it is a better understanding of the economic costs (from the perspective of the various payers) and the decisional conflict engendered by this treatment. Moreover, since the case for rt-PA rests largely with the long-term implications of observed short-term improvements, it is essential to determine whether the benefits of rt-PA persist; are patients who improve following rt-PA more likely to subsequently deteriorate than patients with comparable levels of poststroke disability?
When it comes to decision-making, no analysis (and, for that matter, no clinical trial) can provide an answer reflexively. Evidence and analysis is never entirely definitive. Models will never replace human judgment. However, they can, with proper formulation and interpretation, be extremely useful guides to the complex decisions we face in clinical practice and policy.
